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Abstract 18 
Following removal of the invasive species Rhododendron ponticum the native 19 
understorey plant community typically fails to re-establish itself. Potential 20 
explanations for this failure include 1) lack of an appropriate native seed source, 21 
2) inability of seed to penetrate a dense bryophyte layer and 3) persistence of 22 
chemical ‘legacy effects’ in the soil. We established an experiment to test these 23 
competing hypotheses in an Atlantic oak woodland where R. ponticum had been 24 
removed. The following experimental treatments were applied singly and in 25 
combination: 1) addition of a native seed mix to test for seed limitation; 2) 26 
removal of the established ground vegetation at the start of the experiment 27 
(which principally consisted of bryophytes) to test for the impact of a barrier 28 
layer; 3) addition of activated carbon to test for chemical legacy effects in the soil 29 
and 4) fertilisation as an additional measure to promote the establishment of 30 
native vascular plants. Application of the native seed mix was revealed to be an 31 
effective way to increase the cover of native vascular plants, and was particularly 32 
effective when applied after the removal of the bryophyte layer. The application 33 
of activated carbon and/or fertiliser, however, had no effect on the cover of 34 
native vegetation. We conclude that reports of R. ponticum exerting chemical 35 
legacy effects long after its removal may have been overstated and that seed 36 
limitation and inability to successfully establish in a dense bryophyte layer 37 
provided the strongest barriers to natural recolonisation by the native plant 38 
community following R. ponticum removal.  39 
 40 
Key Words: bryophytes, legacy effects, oak woodland, recolonisation, 41 
restoration, Rhododendron ponticum. 42 
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 43 
Implications for practice: 44 
 The removal of invasive species, in this example Rhododendron ponticum, 45 
is not sufficient to restore woodland habitats; additional management is 46 
required.  47 
 Addition of native seed and creation of a suitable germination sites is 48 
essential for restoration at sites where invasive species have established 49 
over such a large area that natural recolonization following removal of 50 
the invasive species is unlikely.  51 
 There is no evidence to suggest that the lack of establishment of a 52 
woodland ground flora following clearance of Rhododendron ponticum is 53 
due to long-term chemical legacy effects ‘poisoning’ the soil. Previously 54 
the addition of activated carbon to remove these possible legacy effects 55 
was suggested. We show that this is not required.  56 
57 
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Introduction 58 
 Invasive plant species are now well established as a major cause of native 59 
biodiversity loss in ecosystems around the world (Ehrenfeld 2010; Sax & Gaines 60 
2008). In light of this high profile, an ever-increasing number of invasive species 61 
removal programmes are now in place (Reid et al. 2009; Scalera et al. 2012), 62 
with the restoration of native plant communities being a major goal of most 63 
projects (Reid et al. 2009; Gaertner et al. 2012). The majority of projects, 64 
however, limit their scope to removing the invasive population and rarely carry 65 
out further management actions to facilitate native community recovery (Anon 66 
2007; Reid et al. 2009; Guido & Pillar 2015). In order to achieve stated 67 
conservation goals, it is therefore critical to understand potential barriers to 68 
native species’ recovery and to investigate possible management interventions 69 
that may help to overcome these barriers. 70 
 71 
 Rhododendron ponticum is one of the most problematic non-native 72 
invasive species in the UK (Long & Williams 2007; Edwards 2006). R. ponticum 73 
was introduced to the UK in 1763 from Spain and/or Portugal (Milne  & Abbott 74 
2000). It was planted widely as an ornamental plant in gardens, and as game 75 
cover on shooting estates  and quickly spread from these source populations to 76 
become naturalised across large areas of woodland and open hillside (Cross 77 
1975; Dehnen-Schmutz et al. 2004). In particular R. ponticum is threatening 78 
native biodiversity in Atlantic Oak woods in Scotland, an EU Annex 1 priority 79 
habitat (JNCC 2014). Recent work by Maclean et al. (2017a) has revealed that the 80 
native understory plant community typically fails to return to a composition 81 
similar to that found in uninvaded sites even 30 years after the R. ponticum has 82 
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been removed. Forbs and grasses, in particular, show very little recovery in the 83 
decades following R. ponticum removal, whereas bryophytes return rapidly 84 
within a few years (Maclean 2016, Maclean et al. 2017a). One potential reason 85 
for the failure of native forbs and grasses to re-establish may be the lack of a 86 
viable local seed source. Since R. ponticum can cover large areas and form dense, 87 
monodominant stands from which native vascular plants are entirely excluded, 88 
there is often no native plant community remaining in the vicinity to reseed 89 
areas after the invasive stand has been removed (Cross 1975; Rotherham 1983; 90 
Long & Williams 2007). The proliferation of plantation forestry in the areas 91 
where R. ponticum is invasive can also mean that neighbouring, uninvaded areas 92 
are equally lacking in an appropriate native seed source (Humphrey et al. 2001; 93 
Peterken 2001). In some cases, it may be possible that seeds of native plant 94 
species would already be present at sites in the form of a seed bank that existed 95 
prior to the invasion (Gioria et al. 2014); however even species with a persistent 96 
seed bank may not survive decades of R. ponticum invasion Maclean et al. 97 
(2017b).  Since many woodland plant species do not form a persistent seed bank 98 
(Warr et al. 1994), they may be vulnerable to even short periods of invasion 99 
(Gioria et al. 2014).  Maclean et al. (2017b) showed that the seed bank of 100 
woodland sites invaded with R. ponticum were significantly different from those 101 
of uninvaded woodland sites having lower species richness and fewer seeds of 102 
graminoids and forbs.   103 
 104 
 A second possible reason for native forbs and grasses failing to re-105 
establish could be the presence of a physical barrier preventing any seeds 106 
arriving at the site from accessing necessary resources for survival. A dense 107 
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bryophyte layer forms rapidly after R. ponticum has been removed (Maclean et 108 
al. 2017a), and it could be that this layer prevents the forbs and grasses from 109 
establishing. For example, Jeschke & Kiehl (2008) discovered that the presence 110 
of a bryophyte layer significantly decreased germination and survival of vascular 111 
plants growing in calcareous grasslands; Zamfir (2000), also working in 112 
grasslands, demonstrated the same effect for some, but not all, species in her 113 
study and Equihua & Usher (1993) showed that carpets of the moss Campylopus 114 
introflexus reduced the germination of Calluna vulgaris.  115 
 116 
 A third potential barrier to the return of forbs and grasses could be the 117 
presence of chemical legacy effects of R. ponticum in the soil (Rotherham 1983). 118 
Indeed, the conservation literature commonly states that R. ponticum ‘poisons 119 
the soil’, although the scientific evidence for these claims is unclear (Anon 2007, 120 
Merryweather 2012), and seems to be limited to studies of allelopathic effects 121 
conducted in laboratory conditions (Rotherham 1983; Rotherham & Read 1988). 122 
It is likely, however, that R. ponticum, as an ericaceous plant, does exert some 123 
effect on the soil. Other species of Ericaceae have been shown to reduce rates of 124 
nutrient cycling and soil nitrogen concentrations available to other plants 125 
(Nilsen et al. 1999; Nilsson et al. 2000; Wurzburger & Hendrick 2007). This 126 
reduction in available nitrogen is caused by the production of polyphenol-rich 127 
litter which binds to nitrogen in the soil, preventing its uptake by other plants 128 
and slowing rates of decomposition (Wurzburger & Hendrick 2007; Meier & 129 
Bowman 2008). The application of activated carbon, which binds to polyphenols 130 
so reducing their negative impact, has been demonstrated to be an effective tool 131 
at mitigating the soil legacy effects of other ericaceous plants, such as Empetrum 132 
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spp. (Nilsson et al. 2000). Application of nitrogen-based fertiliser to restore 133 
plant-available nutrients to the soil represents another potential restoration 134 
strategy (Hart & August 1988; Caporn et al. 2007).  135 
 136 
 While the conservation and restoration literature discusses these three 137 
hypotheses as potential reasons for the poor recovery of the woodland ground 138 
flora following R. ponticum removal there have been no previous experiments to 139 
test them.  In this study we sought to determine whether 1) seed limitation, 2) 140 
the presence of a physical barrier in the form of a dense bryophyte layer or 3) 141 
chemical legacy effects in the soil, prevented the establishment of native forbs 142 
and grasses in areas where R. ponticum had been removed. The dual aim of this 143 
research was to provide insights into the relative contributions of different 144 
ecological barriers in preventing community recovery following the removal of 145 
an invasive species and to provide constructive management advice to 146 
conservation practitioners seeking to restore native communities after R. 147 
ponticum removal. 148 
 149 
Methods 150 
Experimental site 151 
This experiment was established in September 2013 in Merkland Wood on the 152 
Island of Arran off the West Coast of Scotland (55°36’ N, 5°15’ W). This is a mixed 153 
deciduous woodland managed by the National Trust for Scotland, dominated by 154 
birch (Betula pendula [Roth] and B. pubescens Ehrh.) and oak (Quercus petraea 155 
[Mattuschka] and Q. robur [Mattuschka]). This site originally contained a dense 156 
R. ponticum stand that was first cleared in 1988 and has been subject to 157 
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subsequent control to maintain the site clear from R. ponticum. Clearance 158 
involved cutting the R. ponticum bushes at the stump and applying herbicide 159 
(usually triclopyr or glyphosate; Edwards, 2006).  The total area invaded 160 
extended to several square kilometres around the site, all of which was cleared 161 
over a period between 1985 and 1999. 162 
 163 
Experimental Design 164 
The experiment consisted of ten treatments composed of combinations of native 165 
seed, activated carbon and fertilizer addition and vegetation/litter removal.  The 166 
design did not include all combinations of all treatments (it was not factorial) but 167 
the ten treatments tested allowed us to test A) the role of chemical legacy effects 168 
in the soil preventing the establishment of native forbs and grasses that were 169 
applied as a seed mixture to the plots and B) assess role of seed limitation (see 170 
Statistical Analysis section).  The ten treatments were: 1) seed only; 2) seed + 171 
activated carbon; 3) seed + fertiliser; 4) seed + vegetation removal; 5) seed + 172 
activated carbon + fertiliser; 6) seed + activated carbon + vegetation removal; 7) 173 
seed + fertiliser + vegetation removal; 8) seed + activated carbon + fertiliser + 174 
vegetation removal; 9) vegetation removal only and 10) unmanipulated (Fig. 1).  175 
The experimental layout followed a randomised block design with the ten 176 
treatment combinations randomly allocated to a single 1 m2 plot within each of 177 
ten separate blocks, to give a total of 100 plots. Blocks directly neighboured each 178 
other and this design was employed to ensure an even distribution of treatments 179 
across the experimental area. Plots were located a minimum of 1 m apart to 180 
prevent cross-contamination from other treatments. The entire study (an area of 181 
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approximately 1 ha) was enclosed in a deer fence to eliminate the impact of deer 182 
browsing from the experiment.  183 
 184 
The seed treatment involved scattering 9 g of a native seed mix over the 185 
surface of each 1 m2 quadrat. The seed mix comprised 2 g Agrostis capillaris 186 
(c33000 seeds), 2 g Deschampsia flexuosa (c6500 seeds), 2 g Anthoxanthum 187 
odoratum (c4500 seeds), 2 g Hyacinthoides non-scripta (c300 seeds) and 1 g 188 
Potentilla erecta (c1700 seeds).  The species were selected as being common oak 189 
woodland species for which seed of local provenance was commercially 190 
available(all seeds obtained from Scottish seed stock supplied by Scotia Seeds, 191 
Brechin, UK). Calculations of number of seeds applied based on the seed weights 192 
supplied in Grime, Hodgson & Hunt (1996). The activated carbon treatment 193 
involved applying 500 g activated carbon granules (Activated Carbon Trading 194 
Company, UK) per 1 m2 quadrat. The fertiliser treatment involved applying 50 g 195 
of a continuous-release all-purpose fertiliser (Miracle Gro, US, N-P-K content 14-196 
13-13) per 1 m2 quadrat. Whilst the use of a fertiliser containing several 197 
nutrients did not allow us to tease out the impacts of each of the constituent 198 
nutrients, this product represented the type of fertilisers that are easily available 199 
to conservation practitioners and was applied as a general test of the efficacy of 200 
fertiliser application in enhancing restoration. The vegetation removal treatment 201 
involved removing all vegetation present in the quadrat and turning over the soil 202 
using a hand-held cultivator to create a more suitable seedbed. The pre-existing 203 
vegetation was mainly comprised of common bryophytes such as Thuidium 204 
tamariscinum, Kindbergia praelonga and Rhytidiadelphus loreus, but also 205 
included a moderate cover of bracken (Pteridium aquilinum) and bramble (Rubus 206 
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fruticosus).  The percent cover of every plant species growing in each quadrat 207 
was recorded in September 2015 at the end of the experimental period, thus the 208 
experiment ran for two years.  209 
 210 
Statistical Analysis 211 
 The experiment was analysed in two parts.  The first part (Part A) 212 
assessed the role of chemical legacy effects in the soil preventing the 213 
establishment of native forbs and grasses that were applied as a seed mixture to 214 
the plots (Treatments 1-8, Fig. 1).  Thus in Part A every treatment had native 215 
seed added and the analysis assessed the impact of every combination of 216 
activated carbon application, fertilisation, and vegetation removal on the 217 
establishment of these sown species. The second part (Part B) assessed the role 218 
of seed limitation (Treatments 1, 4, 9 and 10, Fig. 1) and had every combination 219 
of seed addition and vegetation removal.  Thus both Part A and Part B were fully 220 
factorial with Treatments 1 and 4 used in both parts of the analysis (Fig. 1).  221 
 222 
The percent cover data for each species in each quadrat was summed to give the 223 
total percent cover of all species, of the five species planted as seed, of all 224 
grasses, all forbs, all bryophytes, all woody species and all ferns, for use as 225 
response variables in the analyses detailed below.  226 
 227 
 For Part A of the analysis the data was analysed with a linear mixed 228 
model testing the effect of vegetation removal, activated carbon and fertiliser on 229 
the total percent cover of the species added as seed to the quadrats with 230 
experimental block as a random effect using lme in the package nlme (Pinheiro 231 
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et al. 2017) in R (ver. 3.2.2; R Core Team 2015). Residuals were visually 232 
inspected to check conformity to a normal distribution. Following this, five 233 
separate mixed models were fitted to test the effects of vegetation clearance on 234 
the percent cover of each of the five species planted as seed to determine which 235 
of the five species drove the results of the previous analysis. 236 
For Part B of the analysis a mixed model was used to test the effects of 237 
seed addition and vegetation removal on the total cover of all vegetation (not 238 
just the seeded species) in the quadrats, again with block as the random effect 239 
using lme. This analysis was followed by a multivariate linear mixed model of the 240 
cover of  grasses, forbs, bryophytes, woody species and ferns (Genstat ver. 241 
18.1.0.17005, VSN International, Hemel Hempstead, UK), then by a test of each 242 
category separately using lme in R.  243 
 244 
Finally, a canonical correspondence analysis (CCA) on data from all ten 245 
treatments was carried out using CANOCO 5 statistical software (ter Braak and 246 
Šmilauer 2012). This analysis tested whether seed addition, vegetation removal, 247 
activated carbon and fertiliser had a significant impact on the overall community 248 
composition of the vegetation in the quadrats. A log transformation was applied 249 
to the response matrix (community composition data) and rare species were 250 
down-weighted using the down-weighting option within CANOCO. The forward 251 
selection option within CANOCO was used to select significant variables.  The 252 
significance of the variables was assessed using Monte Carlo permutation tests 253 
(999 permutations) and adjusted P values to take account of multiple tests. ‘ 254 
 255 
Results 256 
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The mixed model testing the effects of activated carbon, fertiliser and 257 
vegetation removal on the percent cover of species planted as seed (Part A) 258 
revealed that the only variable to have a significant impact was vegetation 259 
removal (F1,63 = 23.57, P < 0.001), and there were no significant two- or three-260 
way interactions between the variables (Fig. 2). The five separate mixed models 261 
for each seeded species demonstrated that vegetation removal significantly 262 
increased the percent cover of Anthoxanthum odoratum (F1,63 = 22.19, P < 0.001; 263 
Fig. 3) and Potentilla erecta (F1,63 = 21.56, P < 0.001), but not the other three 264 
species. The lack of an effect for Agrostis capillaris and Hyacinthoides non-scripta 265 
may be due to their failure to establish well across the entire experiment, with 266 
their average abundances limited to less than 0.5%.  267 
 268 
The mixed model testing the effects of adding seed and vegetation 269 
removal showed that, there was a significant interaction between adding seed 270 
and removing the vegetation (F1,27 = 10.99, P = 0.003; Fig. 4), with the sown 271 
species replacing much of the vegetation that was removed.  Seed addition had 272 
no significant effect on the total cover of vegetation (F1,27 = 0.14, P = 0.70, Fig. 4). 273 
Clearing the vegetation at the start of the experiment (2013) caused total 274 
vegetation cover to be significantly lower at the end of the experiment (2015) in 275 
plots that had been cleared (F1,27 = 21.25, P = 0.001; Fig. 4). The test of all 276 
vegetation groups together showed significant effects for seed addition (F1,63 = 277 
5.39, P <0.001) and vegetation clearance (F1,63 = 8.63, P <0.001), but not for their 278 
interaction. The separate tests for each vegetation type (Fig. 5) revealed that 279 
adding seed caused a significant increase in total grass cover (F1,27 = 12.48, P = 280 
0.002) and a significant decrease in bryophyte cover (F1,27 = 12.66, P = 0.001). 281 
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Removing the vegetation decreased the cover of forbs (F1,27 = 6.54, P = 0.017), 282 
ferns (F1,27 = 4.88, P = 0.036) and bryophytes (F1,27 = 31.0, P < 0.001). The 283 
interaction term between seed addition and vegetation clearance was close to 284 
significance (F1,27 = 4.07, P = 0.054) suggesting that the impact of seed addition 285 
was greater where the vegetation had been cleared. Canonical correspondence 286 
analysis (CCA) demonstrated that seed addition (pseudo-F = 4, P(adj) < 0.01 from 287 
Monte Carlo permutation) and vegetation removal (pseudo-F = 3.1, P(adj) < 0.01 288 
from Monte Carlo permutation) had a significant impact on community 289 
composition, whereas activated carbon  and fertiliser  did not. The ordination 290 
diagram (Fig. 6) supported the previous analysis in showing that four of the 291 
species planted as seed (Agrostis capillaris, Anthoxanthum odoratum, 292 
Deschampsia flexuosa and Potentilla erecta) corresponded to quadrats where the 293 
vegetation had been removed as well as seed added (Hyacinthoides non-scripta 294 
did not occur in sufficient abundance to be included in the diagram). The CCA 295 
diagram further demonstrated that most moss species (such as Isothecium 296 
myosuroides, Rhytidiadelphus loreus and Thuidium tamariscinum) were 297 
associated with plots where the vegetation had not been removed. 298 
 299 
Discussion 300 
The capacity of some non-native invasive species to permanently alter 301 
their environment, particularly through bringing about long-lasting impacts on 302 
soil chemistry, has been highlighted in recent years (Ehrenfeld 2010; Corbin & 303 
D’Antonio 2012). Rhododendron ponticum is frequently referred to as exerting 304 
such an effect, leaving a toxic chemical legacy long after its removal so that native 305 
plants are unable to return (Rotherham 1983; Anon 2007). The results 306 
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presented here, however, revealed that any chemical legacy in the soil presented 307 
a very minor barrier to the recovery of the native plant community compared to 308 
the far greater barriers of an insufficient seed source and the rapid formation of 309 
a dense bryophyte layer, which provided an inappropriate seedbed for any seed 310 
that did arrive at the site. This concurs with Maclean et al. (2017a) who showed 311 
that soil pH, C:N ratio, and nutrient concentrations (N, P, K, Ca and Mg) were not 312 
affected by the invasion of R. ponticum. 313 
 314 
Applying a native seed mix in conjunction with removing the pre-existing 315 
vegetation was revealed to be the most effective treatment combination for 316 
increasing the cover of desired species of vascular plants. Re-seeding is a 317 
commonly used restoration strategy (Baughman et al. 2016; Pawelek et al. 318 
2015), although it may fail where environmental conditions preclude seedling 319 
establishment (Hume & Barker 1991; Mganga et al. 2010). Whilst some seed did 320 
establish in plots without vegetation removal (to give an average of 17% cover), 321 
this more than doubled (to 42%) in plots where the vegetation was removed. 322 
Bryophytes comprised the overwhelming majority of vegetation present in 2013, 323 
and their removal created an appropriate seedbed of bare earth, which greatly 324 
enhanced the germination and survival of the species added as seed. These 325 
results support the findings of other studies that have demonstrated an 326 
inhibitory effect of a bryophyte layer on vascular plant recruitment (Zamfir 327 
2000; Jeschke & Kiehl 2008). Overall, vegetation removal plus reseeding resulted 328 
in a drastic reduction in bryophyte cover and concomitant increase in grass 329 
cover, to create an understory community that more closely resembled the 330 
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typical community found in uninvaded woodlands (Maclean 2016; Maclean et al. 331 
2017a).  332 
 333 
It should be noted that bryophytes comprise an important part of native 334 
woodland vegetation, especially in oak woodlands on the west coast of Scotland 335 
where their exceptional diversity greatly enhances the conservation value of this 336 
habitat (Porley & Hodgets 2005; Long & Williams 2007).  The species removed in 337 
this study, however, were all common understorey species, and were still 338 
present in 2015 in plots where the vegetation had been removed in 2013, 339 
although at reduced abundance compared to plots where the vegetation had not 340 
been removed. This study has demonstrated that removing these common 341 
understorey bryophytes creates an appropriate seedbed which enhances the 342 
successful establishment of vascular species planted as seed. Restoration 343 
programmes should be careful to avoid removing bryophytes from important 344 
microhabitats, such as dead wood, where rarer species are more likely to be 345 
found, and should pay particular attention to avoid disturbing nationally 346 
important species in sites where they are known to occur (Porley & Hodgets 347 
2005; Long & Williams 2007).   348 
 349 
In contrast to the clear benefits of adding native seed and clearing the 350 
pre-existing vegetation, adding activated carbon or fertiliser to the soil had no 351 
significant impact on the species planted as seed. Contrary to expectation, these 352 
results suggested that a chemical legacy effect in the soil was not a major barrier 353 
to colonisation by native plants following R. ponticum removal. Whilst it could be 354 
that a different chemical treatment, or a different application regime of the 355 
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treatments tested, would have had a beneficial effect on native species growth, 356 
the ability of native species planted as seed to grow in the absence of any 357 
additional treatments suggests that legacy effects in the soil are not principally 358 
responsible for the continued failure of native forbs and grasses to colonise 25 359 
years after the initial R. ponticum removal. If the soil legacy effects were as 360 
strong as hypothesised then none of the planted seed should have grown in the 361 
‘seed only’ or ‘seed + vegetation removal’ treatments. This result was highly 362 
surprising, given the prevalence of the idea that R. ponticum does exert a toxic 363 
legacy effect, mediated through the excretion of polyphenols, which could 364 
prevent native species from growing in soil that has contained R. ponticum 365 
(Rotherham 1983; Rotherham & Read 1988; but see Merryweather 2012 which 366 
argues that there is little scientific basis for many of these claims in the wider 367 
literature).  368 
 369 
Much of the evidence for R. ponticum toxicity comes from growth assays 370 
in greenhouse conditions using concentrated extracts taken from R. ponticum 371 
tissues (Rotherham 1983; Rotherham & Read 1988). It may therefore be that 372 
whilst R. ponticum does exude toxic polyphenols into the soil, this does not occur 373 
at concentrations that significantly reduce the growth of native species in the 374 
natural environment where they already face a host of factors reducing their 375 
growth from the optimal possible under greenhouse conditions. Indeed, Nilsen et 376 
al. (1999) discovered a similar situation for Rhododendron maximum in the 377 
Appalachian mountains, whereby R. maximum leachates inhibited the growth of 378 
bioassay species in the lab, suggesting its ability to detrimentally influence soil 379 
conditions. However, this effect was not observed in the field, indicating that 380 
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carefully controlled laboratory studies are an inappropriate tool for detecting 381 
toxic effects that have a discernible influence in the field (Nilsen et al. 1999). In 382 
contrast to these results and those of Maclean et al. (2017a) there is, however, 383 
some evidence for the impact of R. maximum on the soil. This sister species to R. 384 
ponticum has been demonstrated to reduce soil NO3- concentrations, lower 385 
nitrogen mineralisation rates, and to increase C:N ratios (Wurzburger & 386 
Hendrick 2007; Horton et al. 2009).  387 
 388 
As with most processes in ecology, it is clear that Rhododendron species 389 
may exert different effects in different locations, and if land managers discover 390 
that their local re-seeding programme fails, it may be that the impact of R. 391 
ponticum on the soil is more important in their site than in our study area. Oak 392 
woodland of the type present in our study area produces litter that is relatively 393 
high in polyphenols (Scalbert & Haslam 1987; Scalbert et al. 1988), indicating 394 
that many of the native understorey species considered here could be pre-395 
adapted to a rhizosphere that is naturally high in polyphenols. It is quite possible 396 
that R. ponticum would have a more important impact on the soil in habitats with 397 
lower pre-invasion polyphenol content.  398 
 399 
 This study has revealed that an insufficient seed source combined with an 400 
inappropriate seedbed in the form of a rapidly forming bryophyte layer is 401 
responsible for the failure of native grasses and forbs to recover following the 402 
removal of invasive R. ponticum. This contrasts with the recent proliferation of 403 
studies highlighting the capacity of invasive species to irreversibly alter the local 404 
soil conditions (Ehrenfeld 2010; Corbin & D’Antonio 2012). The lack of a 405 
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chemical legacy following R. ponticum removal is an encouraging message for 406 
land managers wishing to restore typical native understory vegetation since they 407 
will be spared the high costs associated with treating or replacing the soil 408 
(Malcolm et al. 2008; Corbin & D’Antonio 2012). Instead, our trials demonstrate 409 
that clearing the existing vegetation, followed by re-seeding with desired native 410 
species, should be an effective strategy to facilitate native community 411 
restoration. This research, however, does highlight the frequent need to actively 412 
restore native vegetation following the removal of invasive plants and to conduct 413 
robust trials of different techniques to target limited resources at the most 414 
effective restoration techniques (Pakeman et al. 2000; Le Duc et al. 2007).  415 
 416 
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Figure captions 567 
Figure 1. Experimental design. This experiment involved ten treatments 568 
constituting two separate fully-factorial parts with two of the treatments 569 
contributing to both parts of the analysis. C = application of activated carbon; F = 570 
application of fertiliser, S = addition of native seed mix; VR = removal of the 571 
existing vegetation to create a suitable seedbed. T1-T10 are the treatment 572 
numbers referred to in the methodology. 573 
 574 
Figure 2.  Effect of a) vegetation removal, b) activated carbon, and c) fertiliser on 575 
the percent cover of seeded plant species. Means ± 1SE are shown, *** =P<0.001. 576 
C = activated carbon added, F = fertiliser added, NC = no activated carbon added, 577 
NVR = no vegetation removal, NF = no fertiliser added, VR = vegetation removed.  578 
Figure 3. Effect of removal treatment on the percent cover of the five species of 579 
seed planted. Means ± 1SE are shown, *** =P<0.001. NVR = no vegetation 580 
removal; VR = vegetation removal. Note the different y-axis scales with graphs.  581 
582 
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Figure 4. Summed percent cover of all species present in the quadrats with and 583 
without adding seed and removing vegetation. Means ± 1SE are shown. NSNR = 584 
no seed, no vegetation removal; NSR = no seed, with vegetation removal; SNR = 585 
with seed, no vegetation removal; SR = with seed and with vegetation removal. 586 
The light grey areas show the cover of the five species that were planted as seed, 587 
whereas the dark grey areas show the cover of naturally occurring vegetation 588 
(which together sum to the total vegetation cover).  589 
 590 
Figure 5. Effect of seed addition and vegetation removal on grasses, forbs, 591 
bryophytes (bryo), woody species (wood) and ferns. a) no seed, no vegetation 592 
removed; b) seed added, no vegetation removed; c) no seed, vegetation removed; 593 
d) seed added, vegetation removed. The light grey portion of the bars shows the 594 
percent cover of the five species planted as seed, whereas the dark grey portion 595 
of the bars shows the natural vegetation. Means ± 1SE are shown. 596 
Figure 6. CCA revealing the effect of vegetation removal (VR) and seed addition 597 
(S) on the community composition of the understory vegetation. NVR = No 598 
vegetation removal, NS = no seed addition. Only the 20 best-fitting species are 599 
included in the diagram. Species in bold italics were the specie planted as seed. 600 
Agca = Agrostis capillaris; Anod = Anthoxanthum odoratum; Casp = Carex sp., Defl 601 
= Deschampsia flexuosa; Drdi = Dryopteris dilatata; Fasy = Fagus sylvatica; Frta = 602 
Frullania tamarisciIsmy = Isothecium myosuroides; Kipr = Kindbergia praelonga; 603 
Lope = Lonicera periclymenum; Luca = Luzula campestris; Orli = Oreopteris 604 
limbospermaPlun = Plagiothecium undulatum; Pofo = Polytrichum formosum; Poer 605 
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= Potentilla erecta; Rhlo = Rhytidiadelphus loreus; Rufr = Rubus fruticosus; Stme = 606 
Stellaria mediaThta = Thuidium tamariscinum; Vavi = Vaccinium vitus idea. 607 
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